Abstract: Current material models commonly assume concrete does not suffer damage under 8 hydrostatic pressure. However concrete damages were observed in recent true tri-axial tests.
literature only address the damage and destruction of concrete material under deviatoric stress [2] [3] [4] [5] [6] , 3 usually obtained with a cylindrical specimen subjected to an axial loading with confining pressure.
49
Because of the lack of understanding and data to characterize the performance under hydrostatic 50 pressures, the commonly used concrete material models in hydrocodes such as KCC model [7] and 51 RHT model [8] in LSDYNA [9] do not consider the damage of material in hydrostatic pressure. The 52 study of concrete under high hydrostatic pressure is limited owing to the difficulty in applying the 53 very high true tri-axial pressures in tests. However, the damage of concrete under high hydrostatic 54 pressure influences the failure surface, damage evolution algorithm and equation of state (EOS) of 55 the concrete constitutive model under the complex stress states [10] . Poinard, et al [11] did a series of 56 pseudo tri-axial tests using cylindrical concrete specimens which have a 29 MPa uniaxial 57 compressive strength. In their research it was observed that the bulk modulus of the concrete 58 decreased substantially after the specimen having been subjected to a hydrostatic pressure higher 59 than 60MPa. The authors attributed this drop to cement matrix damage. Pham et al. [12] found that in 60 their FRP-confined concrete tests, the core concrete has suffered serious damage although the 61 FRP-confinement could significantly increase the concrete strength. Karinski et al. [13] developed an 62 experimental setup to perform confined compression tests of cementitious material specimens at high 63 pressures. They found that cracks occurred in specimens with W/C = 0.50 (water/cement ratio). In 64 the other specimens made with a lower w/c ratio, no crack was observed. The authors attributed this 65 observation to the fact that cement paste with W/C = 0.50 has higher porosity and larger maximum 66 capillary pore size as compared to lower w/c ratios, which made the specimen more vulnerable to 67 confined compressive loadings.
68
There are several approaches in numerical simulation to study concrete material behavior, i.e., has an approximately 10% porosity depending on the W/C ratio [11, 25, 26] .
90
The present study develops a three-dimensional mesoscale model of concrete with consideration 91 of mortar matrix and randomly distributed course aggregates and pores to investigate the stress 92 distribution inside the concrete specimen and the damage evolution due to deviatoric stresses. The 
Experimental study of concrete damage under hydrostatic pressure

99
A series of true tri-axial tests were carried out to study the damage of concrete under high 100 hydrostatic pressures [27] . Some representative testing data are used to verify the numerical model 101 developed in the present study. For completeness the tests are briefly described here.
102
Test set-up
103
The experiments were conducted by a true tri-axial hydraulic servo-controlled test system (Fig. 1(a) ), and the deformation of the specimen was measured by LVDT sensors.
111
The elastic deformation of the load transfer bar was measured by strain gauges and removed from the 112 record of LVDT in the subsequent data analyses to obtain the strain of the tested specimen, as 113 detailed in Fig. 1(b MPa, 350 MPa and 500 MPa) were applied on the specimen.
127
After hydrostatic tests, the specimen was taken out from the true tri-axial test facility and Electron microscope provides a direct observation of the damages of the tested specimens, and 137 hence helps to better understand the damage mechanism of concrete subjected to hydrostatic pressure.
138
In the test, typical virgin specimens and the specimens after the application of 500 MPa were 
Material model
156
The plastic-damage model for concrete in LS-DYNA developed by Malvar et al [7] 8 three fixed shear failure surfaces with the consideration of damage and strain rate effects.
159
Three independent strength surfaces are an initial yield surface (F y ), a maximum failure surface 
In Eqs.
(1-2),
where c i   represents the compressive meridians of the three independent strength surfaces:
in which parameters a 0i , a 1i , a 2i need to be determined from test data. r' is an implementation of the
172
William and Warnke equation [32] to consider the influence of the second stress invariants J 2 .
173 λ is the modified effective plastic strain or the damage parameter, given as:
in which f t is the static tensile strength of concrete, p d is the effective plastic strain increment, and neglects the damage to concrete material that could be induced by high hydrostatic pressure.
189
The automatic model parameter generation in LSDYNA version 971 is used in the simulation.
190
The input material parameters used in the present study are listed in Table 1 . The size of coarse aggregates considered in the mesoscale model ranges from 3.0 mm to 10 mm.
196
The total volume percentage of aggregates is 45% according to the mixture of the concrete specimen. implemented in FORTRAN to establish the course aggregates in the numerical model.
200
Step 1: Generation algorithm of coarse aggregates The algorithm for generating the pores with diameter 0.5-2.0 mm in mesoscale model is similar
253
to that of generating aggregates. The pore is randomly distributed inside the specimen and its size 254 distribution between 0.5 mm and 2.0 mm is also assumed to follow the Fuller's curve. In this study,
255
aggregates are generated and placed first before pores. Therefore, when generating and placing pores,
256
the location and size of each randomly generated pore are checked to avoid pore overlapping, and 257 also avoid overlapping with aggregates. If a generated pore locates inside one of the pores or 258 aggregates, it is deleted and generation repeated. When a valid pore is generated, the corresponding 259 element is deleted to generate a void in the specimen. It should be note that in the present study, the 260 pore is simply modelled by deleting the element in the concrete specimen, i.e., modelled as a void.
261
The air inside the pore is not considered because modelling the interaction between air and cement 262 matrix in the specimen significantly increases the computational effort, and the influence of such 263 interaction is believed insignificant on concrete material behavior under static loading. 
Numerical model
265
It is generally agreed that ITZ is the weakest part of the micro-structural system and it plays a 266 significant role on the mechanical properties of concrete. pores.
275
The dimension of the specimen is the same as those tested in the previous study [27] and the 276 mesoscale model is shown in Fig. 7 . The stresses along the X, Y and Z directions are perpendicularly 277 applied on the surfaces of specimen at a rate of 10 MPa/ms (strain rate is about 0.8 1/s, according to 278 reference [38] , lateral inertial confinement effect is not prominent when the strain rate is lower than 279 10 1/s) to produce the hydro pressure. X, Y and Z directions of the specimen). As can be seen from the figure the stress is not evenly 326 distributed on the cross-section, the stress in aggregates is larger than that in mortar. This is expected 327 because the aggregates have higher bulk modulus than mortar, therefore attracts larger stress when 328 the specimen is under hydrostatic pressure. Fig.10 (b) is the zoomed-in region of the red block area 329 in the Fig. 10 (a) , in which element A is an element in the middle of an aggregate, element B is a Fig. 3 (c) . As shown the mortar matrix between two closely 380 spaced gravels is most seriously damaged. Other seriously damaged areas are the mortar around the 381 pores. From Fig. 17 , it can be found that as the hydrostatic pressure increases, the pore is compacted 382 gradually and the damage to mortar matrix around the pore also gradually extends to a larger area.
383
This result explains the observations reported by Karinski et al.
[13] that obvious cracks were found 384 in cement paste specimens with a higher W/C ratio which have higher porosity and larger maximum 385 capillary pore size while no crack was observed in specimens with low W/C ratios. These damages 386 inside the concrete specimen under hydrostatic pressure are caused because of high deviatoric 387 stresses in these regions as shown in Fig. 13 and Fig. 15 owing to material heterogeneity. 
Conclusions
411
The simulation results show that the stress inside the concrete specimen is not evenly distributed 
